Synchronous cell division in Euglena gracilis (strain Z) was obtained in 24-hour light cycles consisting of 10 hours of light and 14 hours of darkness; cell division was restricted to the dark period. Photosynthetic capacity was found to vary in a cyclic manner during the cell cycle, reaching a peak 2 hours before the onset of darkness. Light reactions were investigated during the cell cycle to determine what role they played in the control of the observed rhythmic changes in capacity. Lightsaturation curves showed no major change in the light-limited region. No fluctuations were found in Hill reaction activity or photoreduction of methyl red during the cell cycle. These results imply that the reactions comprising photosystems I and II do not generate the capacity rhythm.
Euglena (9, 11, 32) ; none of these investigations, however, has examined the role which light reactions may play in its regulation. Because of these differing results from physiological studies on photosynthetic capacity in Euglena and the dearth of inquiries into its control, a more thorough study of the generation and mediation of the photosynthetic rhythm in this alga was undertaken. In this paper we characterize the rhythm of capacity in synchronously dividing and in nondividing cultures and investigate the role which light and dark reactions play in the control of the observed rhythm. Finally, since Euglena has been shown to exhibit persisting circadian rhythms of phototaxis (5) , dark motility (4), amino acid incorporation (20) , cell division (17) (18) (19) 27) , and cell settling (56), we have also explored the possibility that a circadian biological clock may likewise underlie the overt 24-hr periodicity in photosynthetic capacity by placing synchronous cultures into conditions held constant with respect to light and temperature.
MATERIALS AND METHODS
Organism and Culture Conditions. Cultures of Euglena gracilis Klebs (strain Z) maintained in this laboratory for over 7 years were grown axenically and photoautotrophically on a modified Cramer and Myers' (13) inorganic growth medium (pH 6.9) supplemented with vitamins B1 and B.2 as described by Edmunds and Funch (18) . Batch cultures (either 8 or 20 liter capacity) were magnetically stirred and aerated at a bubbling rate of 575 to 625 ml/min. The only source of CO2 supplied was that in the air. The cultures were housed in Hotpack environmental chambers (Hotpack Corporation, Philadelphia, Pa.) and maintained at 24 C. Illumination was supplied by three banks of cool white (40 w) flourescent tubes, each bank containing six bulbs. The incident intensity on the culture vessels from each bank of lights was 12,000 lux. Cells were synchronized by light-dark cycles of either 12 hr of light and 12 hr of dark (LD: 12,12)7 or 10 hr of light and 14 hr of dark (LD: 10, 14) . Cell number was monitored every 2 hr across the cell cycle by a miniaturized fraction collector and automatic pipeting device (15) and a Coulter Model B electronic cell counter (Coulter Electronics, Hialeah, Fla.).
Gross Biochemical Determinations. The biosynthetic patterns of nucleic acids were followed every 2 hr during the cell cycle. Replicate samples of 300 ml each were siphoned from the master culture and frozen for future analyses. The frozen pellets were extracted four times (2 ml each) with cold acetone, PHOTOSYNTHETIC CAPACITY IN EUGLENA once with 5 ml of cold 0.3 N perchloric acid, and twice with 5 ml of 0.5 N perchloric acid at 70 C for 20 min each. The two 0.5 N perchloric acid extracts were combined, and the Burton (7) modification of the diphenylamine colorimetric test for deoxyribose was used for assaying total cellular DNA. RNA determinations were made on the same 0.5 N perchloric acid extracts using the orcinol colorimetric test for the estimation of ribose as described by Edmunds (16) .
Total chlorophyll was assayed according to Arnon (2) and carotenoids were determined by the method of Kirk and Allen (29) . Twenty milliliters of culture were centrifuged, and to the pellet were added 3 ml of 80% (v/v) (21) . Two-liter aliquots were taken every 2 hr across the cell cycle, centrifuged, and frozen for future analysis. It has been shown in spinach chloroplasts that freezing does not inactivate the enzyme; 99% of the activity could be recovered after freezing (31) . Likewise, we have found the loss of activity to be minimal in our Euglena system. The frozen pellets were thawed and suspended in S ml of 0.05 M tris-HCI buffer (pH 7.5). The suspension was sonicated for 30 sec and centrifuged at 17,000 rpm for 30 min. The final concentration of the 2-ml reaction mixture (in ,umoles of each component) was as follows: MgCl,, 20; EDTA, 10; GSH, 12; 0.05 M tris-HCl, 47.5; and RuDP, 2. The reaction was started by adding 0.1 ml of NaH"CO. (100 4tc/ml) and was stopped after 10 min by adding 0.1 ml of the reaction mixture to 0.3 ml of 0.5 N HCI in a scintillation vial. The mixture was air-dried, and 5 ml of scintillation fluid was added to each vial.
Glyceraldehyde-3-P dehydrogenase was assayed according to the method of Russell and Lyman (39) . Two-liter aliquots were removed from the master culture every 2 to 3 hr, centrifuged at 10,000 rpm for 10 min, and the pellet resuspended in 4 ml of 0.1 M tris-HCl buffer (pH 8.4 51, 1973 252 WALTHER AND EDMUNDS concentration that yielded a step-size close to 2.00. Similar results have been published (12, 15) .
Biosynthetic Patterns. In order to determine whether balanced growth was occurring, gross biochemical patterns were followed during the cell cycle. Chlorophyll, carotenoids, soluble and total cell protein, and RNA all doubled linearly during the entire light period; DNA synthesis, on the other hand, increased in a step-wise manner beginning at the 6th or 7th hr after the onset of light. All parameters, on a per milliliter of culture basis, remained constant during the dark period. The biosynthetic patterns and absolute amounts (pg/cell) obtained under our growth conditions agree with other published results (10, 14, 16) .
Photosynthetic Capacity during Light-Dark Cycles. Figure  2 during the cell cycle of Euglena grown in LD: 10,14. The rate of photosynthesis per aliquot increased linearly until it reached its maximum capacity at the 8th hr of the light period, 2 hr before the onset of darkness. The increase in rate of photosynthesis was much more rapid than the rate of chlorophyll production; therefore, when plotted on a per unit chlorophyll basis, photosynthetic capacity reached a maximum about the 3rd hr of the light period and decreased steadily throughout the rest of the cell cycle.
As an alternative method for assaying photosynthetic capacity during an LD: 10,14 cycle, oxygen evolution was measured with a YSI Model 51 oxygen analyzer across the cell cycle.
Cell division occurred as usual with step-sizes approximating 2.00. The results obtained by these measurements were similar to the incorporation data.
When Euglena was cultured in LD: 12,12 cycle, a similar pattern (not shown) of photosynthetic capacity was observed as in LD: 10, 14 cycles. Photosynthetic capacity reached its maximum 10 hr after the onset of light (2 hr before darkness) and decreased during the last 2 hr of light and the first half of the dark period. Cell division was not restricted completely to the dark period but began about 2 hr before the onset of darkness.
Fractionation of Cells. After the whole cell pattern of photosynthetic capacity was obtained the cells were fractionated by adding hot 80% (v/v) ethanol to determine the pattern of alcohol-soluble and insoluble material. The alcohol-soluble fraction consisted of cellular metabolic products which had been labeled during photosynthesis, and the insoluble (residual) portion consisted mainly of pellicular components. The results are shown in Figure 3 . The soluble portion increased during the first half of the light period until it reached its peak at the 6th hr. During the last half of the light period and during the dark period it declined to the basal level. On the other hand, the residual fraction paralleled the pattern of whole cell uptake, reaching a peak at the 8th hr and returning to the original value by the end of the dark period. Incorporation into the residual fraction was 100 times higher than into the soluble fraction (Fig. 3) 10, 14 . Dim light was afforded by a bank of six fluorescent bulbs over which six layers of artists' tracing paper had been placed, thereby lowering the intensity from 12,000 lux to about 750 lux. Constant dim light intensities ranging from 750 lux to about 2000 lux were tried in order to find an intensity which would allow the photosynthetic capacity rhythm to be expressed. Figure 4 illustrates the photosynthetic capacity rhythm when synchronous cells were placed into LLd of 750 lux. Only the first 24-hr cycle is shown here. Although the capacity rhythm in LD: 10,14 cycles reaches its maximum at the 8th hr of the light period (see Fig. 2 ), the capacity in dim illumination increased until the 10th hr (the subjective light-to-dark transition) and then decreased during the remainder of the 24-hr time span, even though the cells were now still experiencing continuous light. It should be noted that the amount of radioactive uptake (cpm) was reduced by a factor of 10 when the cells were placed in LLd. This low light intensity completely suppressed cell division: the number of cells remained the same during the entire experiment. When the capacity was measured on succeeding days there was no apparent rhythm; thus, during the second and third 24-hr cycles the rhythm damped out. Intensities higher than 750 lux caused the cell population to undergo logarithmic growth, resulting in a steady increase in capacity; likewise, lower intensities did not allow expression of the rhythm.
Light Reactions. To investigate whether light reactions control the capacity rhythm observed in light-dark cycles, lightsaturation curves were obtained at 2-hr intervals during the 10-hr photoperiod. The results are presented in Figure 5 . The initial slopes of all the curves at the stated time intervals were approximately the same until the intensity reached about 1000 to 2000 lux. At this intensity the organisms started to become saturated with light. In young cells complete saturation was reached at a low level, whereas cells taken from later stages of the cell cycle showed an elevation in saturation. The highest level of saturation was obtained from cells taken at the To substantiate further that light reactions were not controlling the rhythm of photosynthetic capacity in Euglena, the activities of photosystems I (methyl red reduction) and II (dichlorophenol indole phenol reduction) were assayed throughout the cell cycle (Table I) . In relation to other photosynthetic parameters, Hill reaction activity changed only slightly during the cell cycle; furthermore, this change showed no correlation with the observed changes in photosynthetic capacity. Similarly, there was no agreement between the capacity rhythm and the small changes which occurred in the photoreduction of methyl red (Table I) .
Activity of RuDP Carboxylase during the Cell Cycle. During the light period, the activity of RuDP carboxylase increased linearly until the onset of the dark period, at which time it had more than doubled (Fig. 6) . On a per aliquot of culture basis, the activity remained at this elevated level during the dark period, whereas the activity per cell decreased to the original level by the end of the darkness since the cell concentration had doubled. If heat-treated supernatants taken at various times during the cycle were mixed, no significant change in the pattern of RuDP carboxylase activity occurred, indicating that the increase in activity during the cell cycle is not due to a heat-labile molecule such as a light-activated factor or a dark inhibitor. This finding does not necessarily imply, however, that the observed change in activity is due solely to de novo synthesis since the possibility of activation by heatstable molecules was not excluded.
Activity of GPD during the Cell Cycle. Since the pattern of activity of RuDP carboxylase did not follow the rhythm in l'-.'-7-_,..,./,,'7777/, photosynthetic capacity, the activity of GPD was assayed during the cell cycle of Euglena. NADP-dependent GPD is associated with the Calvin photosynthetic cycle, whereas the NADlinked enzyme is thought to be primarily nonphotosynthetic (22) . In Euglena NADP-activity is catalyzed by a completely NADP-specific enzyme as opposed to an enzyme which has both activities (38) ; there is no conversion of NAD-to NADPdependent enzyme (26) . The activities of both the NADP-and NAD-dependent enzymes were followed during the synchronous growth cycle. Microscopic examination showed complete cell breakage at all points of the cell cycle. Likewise, the rate of oxidation of NADH and NADPH was proportional to the amount of extract at each cell cycle stage. A typical pattern of activity for each form is shown in Figure 7 . At the beginning of the cell cycle, the NADP-dependent activity per Cultures of Euglena were grown synchronously in LD: 10,14 on inorganic minimal medium until the stationary growth phase was reached. This is a phase in which mitosis, cell division, and cell death are demonstratively negligible (52) . These stationary-phase cultures were maintained in LD: 10:14 for 1 week, whereupon photosynthetic capacity and GPD activity were assayed for several days (LD cycles). The results are shown in Figure 8 . During the first of the three cycles that were measured, photosynthetic capacity reached a maximum after 4 hr of light. In the second and third cycles, both capacity and GPD activity were assayed. Photosynthetic competence reached a maximum value at hour 4 of the second cycle and at hour 10 during the third cycle. The pattern of activity of GPD consistently paralleled the rhythm of capacity throughout the two successive days shown. There appears to be no precisely fixed phase relation, however, between photosynthetic capacity and GPD activity on the one hand and the lightdark cycle on the other in stationary cultures. A gradual decrease in the absolute level of the oscillation occurred during the three consecutive cycles that were measured.
Euglena can be grown synchronously with a period length of approximately 24 hr when high frequency LD cycles (e.g., LD: 2,4 or LD: 1,3) are used as an entraining agent (18) . The cells are not considered to be locked on to any particular phase of the high frequency cycles but rather appear to be effectively in a free-running" state with the timing of division being rated by an endogenous circadian "clock(s Interestingly, two types of responses were discovered. One typical pattern of photosynthetic capacity obtained in LD: 2, 4 ( Fig. 9) indicated that the rhythm of capacity was directly synchronized by the high frequency LD cycle: capacity increased during each 2-hr light period and then decreased during each subsequent 4-hr dark period. GPD activity (not shown) was also measured; it followed precisely the same pattern as the capacity rhythm. The 6-hr period of both parameters, therefore, contrasts with the 24-hr period found for the cell division rhythm. On the other hand, an alternative pattern of capacity was sometimes observed in high frequency cycles and is depicted in Figure 10 . Although the changes in capacity showed a reduced amplitude, the pattern was similar to the one found in LD: 10,14 cycles, in that the capacity increased for 6 hr (despite the fact that this time span now comprised a 4-hr dark period) before it began to decrease. The activity of GPD closely followed the rhythm of photosynthetic capacity in this case also. DISCUSSION
The rhythmic pattern of CO2 fixation in LD cycles presented in this investigation is rather similar to results in several other organisms. When Gonyaulax polyedra was grown in LD: 12,12 the maximum in photosynthetic capacity occurred during the mid-to latter part of the light period and then declined to its original level by the middle of the dark period (23) . A similar pattern of capacity was observed during the life cycle of Scenedesmus obliquus (46) . The photosynthetic rhythm in Acetabularia crenulata has been measured polarographically in an LD: 8,16 cycle and found to reach a peak during the latter hours of the light period and then to decrease rapidly during the dark period (55) .
Our results differ, however, from other observations reported for Euglena. Lovlie and Farfaglio (32) , using a Cartesian diver, measured photosynthetic activity of single Euglena cells taken from a synchronized (LD: 17,7) population. Their results showed that photosynthetic activity increased during the interdivision (light) period and remained constant during division. In contrast to these results, Cook (11) indicated that oxygen evolution increased during the entire cell cycle of Euglena, that is, throughout both the light and dark periods.
Simultaneous measurements of RNA and protein showed that these two parameters also continued linearly throughout both light and dark periods, which contradicts the results presented here as well as previous work (10, 16) . On the other hand, the pattern of chlorophyll and carotenoid syntheses which Cook observed were similar to those presented in our study.
Recently, Codd and Merrett (9) found that the rate of CO, fixation doubled in a continuous manner throughout the light phase followed by only a slight reduction in the dark phase during synchronous growth (LD: 14,10) of Euglena. These workers did not examine whole cell uptake, however, but instead studied incorporation into various fractions. Their ethanol-soluble and cell residue fractions closely paralleled the results presented in this investigation. Furthermore, if one summates their various cellular fractions, the "reconstituted" whole cell uptake thus obtained is similar to the data obtained under our conditions. When the rhythm of photosynthetic capacity in Euglena was examined under constant conditions of illumination and temperature (Fig. 4) , the rhythm continued-for 1 full day but then did not persist thereafter. Stationary-phase cells placed in constant illumination of various intensities (not shown) also showed an immediate damping of the rhythm. The rhythm of photosynthetic capacity in Euglena presented in this discussion, therefore, is unlike the strongly persisting 24-hr rhythms (i.e., circadian rhythm sensu stricto) demonstrated in other algae (23, 36, 54, 55, 57) , since it does not appear to persist for any length of time under a variety of intensities of dim illumination. Speculations about this lack of persistence appear later in the discussion.
Several workers have reported that the diurnal variation in photosynthesis observed in natural plankton populations is a result of a corresponding change in chlorophyll a concentrations (47, 58) . However, in the majority of cases there has been no correspondence between photosynthetic capacity and chlorophyll content (23, 28, 36 light period but began to decline during the last several hours of light and continued this decrease during the dark period (Fig. 2) . Also, when plotted on a per milligram of chlorophyll basis, the capacity increased at a much faster rate than chlorophyll synthesis. Thus, it appears that the capacity of cells (based on chlorophyll content) to perform maximum photosynthesis occurs in the early developmental stages of the cell cycle. This was also found to be the case in the high temperature strain Chlorella 7-11-05, where the rate of photosynthesis surpassed that of other cellular constituents during the early developmental stages (48) . Sorokin (50) observed in nonsynchronized suspensions of Chlorella subjected to fractional centrifugation that the smaller (younger) cells possessed higher photosynthetic activity than the larger (older) cells.
Several studies on photosynthetic capacity during the cell cycle have implicated a control (or partial control) by fluctuations in the light reactions of photosynthesis (24, [41] [42] [43] [44] [45] [46] 49 When the activity of RuDP carboxylase was followed during the cell cycle of Euglena, no direct correlation between enzyme activity and CO2 fixation (Fig. 6 ) was found. These results differ from those of Codd and Merrett (9) who have discussed the function of RuDP carboxylase as a regulatory mechanism in Euglena. However, although they found that the activity of this enzyme paralleled changes in photosynthetic rate, the activity was not great enough to satisfy the rates of CO. fixation at all of the stages investigated. The activity pattern itself of carboxylase that we find (Fig. 6 ) is similar to that of Codd and Merrett (9) . Our data also indicate that rates of CO, fixation exceed those of enzyme activity. Initial evidence in Gonyaulax polyedra showed a direct correlation between the rhythm of capacity and carboxylase (53) , although more recent data revealed that this was artifactual (8) .
Because the activity of RuDP carboxylase was found not to parallel the pattern of photosynthetic capacity, and since other enzymes have been implicated in the regulation of the Calvin cycle, GPD was investigated. The similarity between both the phase and pattern of GPD activity and the photosynthetic rhythm in dividing cultures during LD cycles (Fig. 7) suggests a possible control of the latter by GPD. The relation between enzyme activity and photosynthetic capacity in cells grown in stationary phase conditions (Fig. 8) (35) the activity of GPD was strongly dependent upon the cofactors ATP and NADPH.) Furthermore, the light activation of GPD observed by several investigators (29, 34, 35, 51) indicates that this enzyme could control carbon fixation.
On the other hand, it is quite possible, of course, that capacity and GPD activity are causally unrelated independent variables whose rhythmicity is generated by some other factor(s) The experiments under nondividing conditions in LD cycles (Fig. 8) demonstrated that a rhythm of photosynthetic capacity could still continue for at least 10 days in spite of being uncoupled from the cell division cycle and from simple periodic gene duplication. This uncoupling, however, did cause a gradual decrease in the absolute level of the oscillation even though the culture was maintained on a LD: 10,14 regime. Although there was no precisely fixed phase relation between the capacity rhythm and the LD cycles, it is significant that GPD activity nevertheless followed the phase of the capacity rhythm.
The two different patterns of photosynthetic capacity observed in high frequency LD cycles were both unexpected and interesting. In one case (Fig. 9) , there was a complete dissociation of the capacity rhythm from the "free-running" circadian cell division pattern manifested by the population-direct entrainment to the 6-hr high frequency cycles occurred. Therefore, although the cell division rhythm either free-ran or perhaps resulted from frequency demultiplication (summation of 4 high-frequency cycles to produce a single circadian output), the capacity rhythm apparently was directly entrained by the LD cycles to a 6-hr period. It is interesting to compare these results to the photosynthetic rhythm in Hydrodictyon, a green alga, which will directly entrain to an LD: 6,6 cycle and will persist for at least a few cycles in constant conditions with a period length of 12 hr rather than revert to a 24-hr rhythm, as is typical in most other organisms (40) .
The other pattern of photosynthetic capacity in high frequency cycles (Fig. 10) is not uncoupled from the circadian cell division cycle and could also be considered a free-running rhythm (18) . In this instance both cell division and photosynthetic capacity displayed a circadian periodicity in spite of the imposed LD: 2,4 cycles. This suggests that the capacity rhythm may be controlled (although somewhat loosely) by the same cellular clock mechanism that controls the free-running rhythm of cell division.
Although the cultures in each type of experiment experienced 2 days of high frequency LD cycles before photosynthetic capacity was assayed, there were noticeable differences between them with respect to the degree of synchronization. In the case where photosynthetic capacity was directly entrained (Fig. 9) , the step-size (step-size = factor by which cell concentration increases) during the last two LD: 2,4 cycles, i.e., the last 12 hr of the 24-hr day, was quite reduced (stepsize = 1.30), while the period length of the division rhythm was about 24 hr. In contrast, when a free-running rhythm of capacity was obtained (Fig. 10) , the step-sizes of the division bursts were much greater (step-size = 1.80) and the period lengths were longer (36 hr in the case illustrated). These differences between the two types of cultures with regard to step-size and period of the cell division rhythm could be responsible for the observed differences in the pattern of photosynthetic capacity.
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